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 Abstract 
     The various processes of photo-ionization are examined on the basis of the 
rocket data of the solar emissions and the atmospheric constituents. The ioniza-
tion of the E layer is mainly contributed from the soft  X-ray and from the Lyman 
beta. After discussing the concentration of positive ions of molecular oxygen and its 
significance to the effective recombination coefficient, it is concluded that the whole 
F region is produced by the photo-ionization by the coronal emissions.
1 General Equations 
   Rocket experiments in recent years indicate that the solar spectrum includes 
the X-ray range as well as the ultra-vilet range. These radiations are able to ionize 
some of the atmospheric constituents in the upper atmosphere. Electrons are also 
yielded through photo-detachment and collisional detachment from negative ions. 
On the other hand, some of electrons produced are lost by attachments to neutral 
particles and by recombinations with positive ions. Let q be the total rate of electron 
production by the photo-ionization, and N, n_, n+ and n be the concentrations of 
electrons, negative ions, positive ions and neutral particles, respectively, 
            N          a                     — q+icn_+y nn_— fi N n—oce N n+ , (1) 
             at 
where  it, y,  13 and  a, are the rate coefficients of the photo-detachment, the collisional 
detachment, the attachment, and the electronic recombination, respectively. Thus, 
the change in N is related to the concentration of various ions. The concentration of
negative ions depends on some of the reactions mentioned just above, and is lost, in 
addition, by the mutual neutralization with positive ions. Then we have 
 a  n_  —  cc,n_n++  N  n  —y  nn_—tt  n_  , (2)  at 
in which  a  i denotes the rate coefficient of the mutual neutralization. Considering the 
equilibrium state, it was shown in the previous  paper[1] that 
 n  N  =  y  n_n+-  tkn_+ccin_n,  (3) 
and 
                  —(yrt+tk+aiN)+V(yn+ic+isciN)2+4ocifinN 
 N x———.            2 ax N(4) 
Of course,  ft=0 during the night.  It is also noted that n in (4) must be regarded as the
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concentration of atomic oxygen. The relation between X and N was already discussed 
and illustrated in the preceding  paper[1]. 
2 The Effective Recombination  Coefficient 
   The expression (1)  for the variation i the electron density may be written i  the 
convenient form 
                    a N              _ 
a t__= q-aN2 (5) 
in which a is called the effective r combination c efficient. 
   Substituting (3) into (1), we have 
 3  N q  -  ai  n_  11+  -men+  N. (6)  at 
Let us first consider the electronic recombination. It is well known that the 
predominant positive ions in the ionosphere are  0,'  , 0+,  , and  N. Then 
 n+  n  {02'  J+n  [0+]+n  •  1+n[N-E]  , (7) 
where n is the concentration of ions indicated in the bracket. If the coefficients of 
electronic recombination t  the respective ion are denoted by  a,[0+], etc., 
 a,  n÷  N  =  f  a,  [0:  ]  •  n[02'  ]+  a,  -1  •  nr0+]  +a,[1\12']•  n  fl\IL  +  a,  [N-F]  • n[1\1-1]}  N (8) 
The electronic recombination c efficient  ae[0+] was estimated byMassey and Bates  [2] 
to be 3.7x  10-12 cm3.  sec-1 at 250°K and  1.5x 10-12 cm. sec-1 at  1000°K. The value of 
 ae[N-F] has not been calculated in detail, but it is probably ofthe same order  (10-12). 
Among the various process ofthe recombination with the positive ion of the oxygen 
molecule, the most important reaction is the dissociative recombination 
 02'  +e  0'  +0"  . (9) 
MASSEY[3] estimated  a,[0,'  j for the dissociative process tobe  10-10 cm3.  sec-1. In 
accordance with the recent study of  BATEs[4], it is 10-8 cm3.  sec-4. And the larger 
values are also shown experimentally by  BIONDI and  BRowN[5] and by Biondi[6]. 
Although  cee[NJ-] has not been studied in detail, but is considered to be of the same 
order as  a,[02  ]. In this paper,  a,[0,1] is assumed to be  1  x  10-8 cm3.  sec-1. 
   In connection with the concentration of positive ions of molecularnitrogen, BATES[7] 
concluded that  n[N,'] is of the order of 101  cm-3, from the observation f the twilight 
flash of the  Nz emission  (X3914A). Referring tothe facts that nitrogen is not fully dis-
sociated in the ionospheric region, and that the ionization rate of atomic nitrogen 
is small on account of the high ionization potential, it is very likely that  n[N+] is 
considerably small as compared with  n[0+]. Then, in Eq.(12), the terms concerning 
the nitrogen can safely be ignored, and we have 
 a,  n+ N =  f  a,  [0+]  .n  [0+]  +a,  02'  1.  n  r,0;v1}  N  . (10) 
   The concentration of positive ions of oxygen molecules is increased by the transfer 
reactions
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 02+0+  --0  02  +0, (11) 
 02H-N2'  . (12) 
and by the photo-ionization of 02. On the other hand,  n,[02' is decreased by the 
mutual neutralization 
 02'  +X—  0+X  , (13) 
and by the dissociative recombination (9). As the rate coefficient,  ai[0:  ], of (13) is 
considered to be not greater than that in the case of 0+, it is assumed here to be  10-8 
cm3.  sec.—'. The rate coefficient, k2, of (11) is  10-11 cm3.  sec-1  [8]. The rate coefficient, 
 k3, of (12) is assumed to be same as k2. Then, we have
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The Relation of the Effective Recombination Coefficicent to the 
Electron Density during the Night.
         an
a[ctil  q 021+k2n  [021  n 9+;  +k,  n  [021.  n [N 
 —a,  [0;11  •  n  [02'  1.,AT—oci  [(,) n  1.  It_ . (14) 
As mentioned above, it is sure that  n[0+]>n[N  ]. Then, ignoring the term concerning 
 1\1,1-, and assuming that 
 n+  =  (1+X)  A  T  n  [0;'1+n[O-F], (15)
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we have in the equilibrium state 
 n9+](1+X) N2{ccef0;'1+ Xas [02' ]).—q[02](16)                      N{oce[IX] f Xoti[0:+ k2n [021 
in which  q[02] is given approximately by 
          q =  A  19  21  •Qi  n  [02]•exp{—  A1[02].  n 21.  II [02]1 , (17) 
where H[02] is the scale height and the absorption cross-section,  Ai[0,], is assumed to 
be  2.5  x10—" cm2 and the quanta vailable, Q be 3.88x 108 cm-2  sec-1. If the ratio 
of  n[0+] to the electron density is denoted by 1, 
 _  n[0+1 (1  +X)  N2 (ae[021-]±X;[(VI—q[02  (18) 
 N  N2  -(tx,  [02'  +  LO;II+  k2  Nn [021  ,
and 
 7/10;k1  ±x (19) 
During the night, q[02] in (18) should be zero. Using the numerical results for  n[02] 
in the preceding paper[9], the relation between  / and N are shown i  Fig. 1 for the day-
hours and in Fig. 2 for the night-hours. 
   Using the expressions (18) and (19), we have from Eq. (10) 
 ae  n+ N  =  floc,  [0-F; +  (1+X-1)  oce  {0211  7%  2 • (20)
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On the other hand, the second term on the  right-hand side in Eq. (6) is expressed by 
 ai  n+  n_  cx,X  (1+  X)  N2  . (21)
Therefore, the effective recombination coefficient defined in Eq. (5) is given by 
              g.= X (1+X) avir / a, {0+] + (1+ X—/) a, LO,'. (22) 
It must be noted here that the effective coefficient of recombination is the function of 
the electron density becasue of the dependencies of both  X and 1 on N. The variations 
of a with N at various altitudes are illustrated in Fig. 3 for day-hours, and in Fig. 4 for 
night-hours. If the distribution of the electron density is assumed, the corresponding 
distribution of a is estimated as shown in Fig. 5. The result shown in Fig. 5 is in 
fairly good agreement with the observational  estimations[10][11][121. A glance at 
Fig. 3 and Fig. 4 leads to the conclusion that the decay of the electron density is ruled 
by the recombination law in the E layer and in the uppermost part of the F region 
(above 300 km), and by the attachment law in the intermediate region. 
3 Ionization by the Continuum 
    In the estimationof the electron-production rate, q, in the fundamental equa-
tion(5), we can not apply the simple theory of  CHAPAIAN[13], who assumed that the 
atmosphere was isothermal and homogeneous and that the incident radiation was 
monochromatic. The scale height, in fact, varies with height in the atmosphere. The 
effects of the variation in the scale height upon the electron-production rate have been 
discussed by NICOLET and  BossY[14], GLEDHILL and  SZENDREI[15],  NicoLET[16], 
and  KAmiyAmA[17]. These authors assumed that the temperature or the scale height 
varies in an idealized mode. But in practice, the vertical distributions of the 
temperature and the concentration of the atmospheric onstituents are known to be 
very complicated, from the rocket experiments. On the other hand, the solar 
radiation contains many strong emission lines as well as the continuum extending to 
the ultra-violet and X ray range. Therefore, the electron-production rate must be 
dealt with in the practical condition.
Table 1. Ionization-Potential and Solar Quantum Flux.
Gas
02 
0 
N2 
 02 
0 
02 
 02 
0 
N2
Transition
 X3E 
 23P-+24S0 
 xu:  X21 
 23P—,22P0 
 X3f  —.242H 
 X3Ii 
 23P--;22D
Ionization Potential 
     (eV)
Quantum Flux
 12.07(1027A) 
13.58(  912A) 
15.58( 796A) 
 16.25(  763A) 
16.36( 736A) 
 17.15(723A) 
18.19( 682A) 
18.54( 669A) 
18.74( 661A)
i
t
 2.6  x  106 
 2.4  x 105 
 6.7  x103 
 2.0x103 
 5.2x102 
 2.5  x  102 
 4.4  x  101 
 2.4x101 
 1.8x101
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   Now, according to  INouE[18], the transitions and the ionization-potentials are 
tabulated in Table 1 for the main atmospheric constituents. Assuming the effective 
temperature for the radiation in this spectral region to be 4500 °K, the tabulation is 
also made for the solar quantum fluxes available for the respective transitions. The 
radiation from the sun is selectively absorbed by these atmospheric molecules and atoms. 
   Among the various absorptions of molecular oxygen, the  pre-ionization process is 
possible by the absorption of the continuum  X< 1027 A. The rate of electron-
production in this reaction is given by 
 qc [021  AC  [°2]  • Qc  [02].exp  {—A,  f0,1•  sec  X  1321  dz}, (23) 
where Q, is the quantum flux at the tops of the atmosphere and taken to be 2.6x 106 
 cm-2.  sec-1. The cross-section of the absorption by 02 is studied experimentally by 
WATANABE, MARMO and  PRESSMAN[19], and the result is reproduced in Fig. 6. In 
accordance with it, the mean value for  Ac[O2] is taken to be 2.5x  10—'8 cm2.
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Watanabe, Marino and Pressman).
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1/00
   As to the ionization of atomic oxygen, the active radiation, beside being absorbed 
in the photo-ionization of atomic oxygen, is absorbed partly by molecular nitrogen. 
Then, the number of photons absorbed in a thin layer dz at height z in a unit time is 
given by 
 d Q'  --  [A'  [01.  'Pt  :Q +A'  [N2].  n1  N21  } Q' sec x  •  dz  , (24) 
where Q' denotes the incident photon flux available  forthe photo-ionization of atomic 
oxygen atits first ionization potential (15.58 V). If the quantum flux at the top of the
106 H. KAMIYAMA 
atmosphere is  Q,,'  , we have from the integration of (24) 
 -=  exp [—sec  x  {A  "[O]  n[0]  dz+  A'  [N  21  ran  [N2]  dz}]-(25) 
Therefore, the electron production rate of atomic oxygen at its first ionization potential 
is expressed by 
 q'[0] = A.'[0]  Q0'  10]  exp  [—  sec [O]rn[0] dz±A' {N2]rn [1 \ 72]chil. (26) 
The absorption cross-section  A' [0] for atomic oxygen is taken to be  4.5  x  10—'8  cm2 in 
accordance with the theoretical study of YAMANOUCHI and  KoTANI[20], and  A'[N2] 
for molecular nitrogen be  4  x  10—'8  cm2 in the spectral region concerned. The initial 
quantum flux  Q,' is estimated to be  2.4  x  105  cm-2.  sec-1. 
    In the case of molecular nitrogen, the matter is sosimple as in the case of molecular 
oxygen. The rate of electron production in the photo-ionization of molecular nitrogen 
is given by 
          q [N21 A  [N2]  Q,n  [N2]. exp  LN21- secx I n  [.N2]  dzi. (27) 
The photon flux available is estimated to be  6.7  x 100  cm-2.  sec-1. According to 
 DouGLAs[211 and WAINFAN, WALKER and  WEISSLER[22], the absorption cross-section
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 of molecular nitrogen in the spectral region is assumed to be  2.5x 10-17  cm2. 
    The intensity of the solar emission may, of course, fall off quite slowlyabove the 
 Lyman limit, so that the photo-ionization of atomic oxygen at the second and the 
 third thresholds (16.4 and 18.5 eV) must be taken into account. In this case, the 
 actual radiation is also absorbed partly by molecular nitrogen. According to  BATES 
 and  SEAToN[23], the absorption cross-section of atomic oxygen,  A"[0], is about  8X 
 10-18  cm2 for photon energies between 16.4 and 18.5 eV and is about  1.2x  10-17  cm2 for 
 higher photon energies (up to perhaps 25 eV). Therefore, the rate of electron 
 production by the continuum in this spectral range is expressed by 
 =  Q0"  {A,"  •  n[O  +A,  N2]  n[N2]1.exp 
                                                                                                          7 
                      xIA"[0]n[0]dz+ A'f n[N2] dz}j, (28) 
where  Qe" is the initial photon-flux of the continuum, and is taken to be  5.2x  102 cm-2 
 sec.-1 
    The calculated results of (23), (26), (27) and (28) are illustrated in Fig. 7. The 
total rate of electron production by the solar continuum is, then, given by 
                q  021  +  q  IN21  +  q'  [0]+  . (29)
As it is very likely from the rocket measurements of BYRAM, CHUBB and  FRIEDmAN[241 
that the solar photon energies in the spectral region concerned correspond to that 
from a black body of about 4500°K, it may be concluded that the solar continuum is 
quite insufficient o produce the F region of the ionosphere, and that the pre-ionization 
of molecular oxygen provides only a little contribution to the E layer. Therefore, it is 
necessary to examine carefully the photo-ionizations by emission lines and X-rays. 
4 Ionization of Molecular Oxygen by Lyman Series 
   According to WATANABE[25], the first ionization potential of molecular oxygen is 
12.07 eV (1027A), which is somewhat lower than Lyman beta (1025.7A). In 
accordance with  WATANABE,  MARMO and  PREssmAN[19], the absorption cross-section 
of molecular nitrogen in the region  995,-,1050A is  1020  cm2 or less, and it may be said 
that molecular nitrogen is very transparent in this spectral region. Under these con-
ditions, Lyman beta should be absorbed almost entirely by molecular oxygen and leads 
to the process 
 02  (X3Eg-)  h  v  (LA  ,02, (X  2110  +  e  . (30) 
The cross-section of molecular oxygen for LYMAN beta is  1.54x  10-18 cm2  [19], and 
more than half of the absorption leads to ionization. 
   As to Lyman gamma (972.5A), a strong band ofmolecular nitrogen should absorb 
most of this line, and little contribution can  be expected. Lyman delta (949.7 A), 
however, lies in a relatively transparent portion of the N2 absorption spectrum where 
the absorption cross-section is  3.3x 10-18  cm2, and ionization yeild is about 90 per 
cent.
 108 H. KAMIYAMA
   According to the study of NICOLET, Lyman beta line is estimated to be  3  x  109 
 photons  •cm-2.  sec-1, and Lmyan gamma  be  4  x 108  cm-2.  sec-1. Intensity of Lyman delta 
is expected to be much weaker than that of Lyman beta. In reference to the rocket 
 experiments[26][27][281, the incident flux of Lyman alpha ranged from 0.1 to 0.5 
 ergs•cm-2-sec-1. The large spread in these values may be ascribed mostly to experi-
mental uncertainities and partly to real variation in the emission intensity. In this 
stage, about 0.1  erg  .cm-2.sec-1 or  6x  109  photons•cm-2.sec-1 may be a realistic 
value for Lyaman alpha. Should this be the case, the estimations of NICOLET must be 
reduced by the factor of 0.2. Then the intensity of Lyman delta is expected to be 
about  1.5  x  107  photons  •cm-2.  sec-1. The ionization yields for Lyman beta and Lyman 
delta are assumed to be 0.8 and 0.9, respectively. 
   Then,  qp[02] and  q8[02], which denote the rates of electron production from 
molecular oxygen by Lyman beta and delta, respectively, are given by the similar 
expressions to (23). The numerical results of them are shown in Fig. 7. It is seen 
from the figure, that Lyman beta contribute to the some extent to the formation of 
the E layer. 
5 Ionization by Soft X-Ray 
   As was shown in theprevious section, the solar continuum and Lyman series are 
insufficient o produce many electrons for the formations of the ionospheric E and F 
regions. 
 ALLEN[29] suggested, however, that the solar soft X-ray in the range  20,--,50A 
contributes to the ionization of the  E layer. HAVENS, FRIEDMAN and  HuLsuRT[30] also 
tried to explain the production of the ionospheric region by the X-rays. In fact, the 
solar spectrum was observed from 8A to 100A at the level of the E  layer[31]. The 
rocket measurements were limited to wave length below 100A, but the coronal 
mechanism is theoretically expected to produce comparable missions from the  Hell 
continuum  (?  <228A) and the helium resonance lines at 304A and 584A, and probably 
other lines in the extreme ultra-violet. According to WOOLLEY and  ALLEN[32] and 
 ELwERT[33], emission by freebound and free-free contina are in reasonable agreement, 
leading to a total emission of the  soft X-ray radition of about 108  photons-  cm-2.  sec-1. 
HAVENS,  FRIEDMAN and  HuTsuR-r[30] estimated the intensity of the line emissions to be 
about 1 x  109 photons.  cm-2.  sec-' from the rocket measurements. In reference to these 
results, it is assumed in this paper that the photon flux is 5x  108  photon-  cm-2• sec-1 
for the region  20,--,50A,  1x  109  photon-  cm-2.  sec-' for the line emissions. 
   According to COMPTON and  ALLIsoN[34], the mean valueof the absorption cross 
section of the air for the region  20,-,50A is 8x  10-19 cm2. According to WEISSLER and 
LEE[35], the absorption cross-sections for the He resonance lines are assumed to be 
 2  x  10-17 cm2. 
   Therates of electron production for the region XX  20,---,50A and for the line emis-
sions are illustrated in Fig. 7. The results show that the soft X-ray in the region 
 XX20,--.50A partly contributes to the formation of the E layer, whereas almost he whole
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F region may be explained by the ionization by the He line emissions. 
6 Formation of the Ionospheric Layer 
   The vertical distribution of the electron concentration is determined by the 
expression (5), where the rate of electron production and the effective recombination 
                              Table 2. Computed  Ionosphere. 
       Effective Effective  Electron Electron 
      Height Recombination  DensityHeight Recombination                                                                    Density
    (km)Coefficient(km) Coefficient         (cm-3) (cm-3)          (
cm3-sec-1) (cm3.sec-1)
95 
100 
105 
110 
115 
120 
125 
130 
140 
150 
160 
170 
180 
190 
200 
210
 /0
1
 4.80  x  10-8 
 2.72  x 10-8 
 1.66 x 10-8 
 1.28  x 10-8 
 1  .12  x 10-8 
 1.06x  10-8 
 1.02  x 10-8 
 1.01  x 10-8 
 9.90  x 10-2 
9.50 x  10-6 
8.80 x  10-6 
7.88 x  10-9 
 6.55  x  10-6 
 5.22  x  10-6 
3.86 x 10-6 
 2.60  x 10-6
 4.05  x  104 220 
 9.48  x  104 230 
 1.25  x  105 240 
 1.31  x  105 250 
 1.20  x  105  I 260 
 1.02  x  105 270 
 8.60  x  104 280 
 7.39  x  104 290 
 7.56  x  104 300 
 9.18  x  104 310 
 1.04  x  105  320 
 1.09  x  105 350 
 1.13  x  105 400 
 1.17  x  105  , 450 
 1.23  x  105 500 
 1.34  x105  11 
Effective  recombination 
 lo
 1.61  x  10-s 
 9  .  /4  x  10-10 
 4.92  x 10-" 
 2.45  x 10-10 
 1.08  x 10-" 
     4.68 x 10-11 
 1.79  x  10-11 
 6.30  x 10-12 
 2.06x  10-12 
 1.44  x  10-12 
 1.40  x  10-12 
 1.31  x  10-12 
 1.22  x  10-12 
 1.16  x  10-12 
 1.15  x  10-12 
 coefficient 
 10-9
1.51 x  105 
 1.78  x 105 
 2.16  x 105 
 2.72  x 105 
 3.67  x  105 
 5.00  x  105 
 7.28x  105 
 1.11  x  106 
 1.76  x  106 
 /  .91  x  106 
 1.77  x 106 
 1.42 x 106 
 1.00  x 106 
 7.32  x 105 
 5.39  x  105
+.4 
 •• 
(3') • ...i. 
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coefficient are the function of height and time. The total rate of the electron 
production is given by the summation of the rates of the various ionizing process, 
among which the ionizations by the soft X-ray, He line emissions, and by Lyman beta 
are most important. The curve showing the total rate of electron production is given 
in Fig. 7. In the figure, the broken line indicate the ionizing rate of oxygen molecules, 
which is important to estimate the effective recombination coefficient. 
   For the sake of simplicity, it is assumed in this stage that the ionospheric region is 
not affected appreciably by the geomagnetic field. In the equilibrium state, we have 
from Eq. (5), 
 N=  1/—q-. (31) 
 a As already shown in the previous section, a being given as the function of the electron 
concentration, N can be easily found. 
   The calculated results for the latitude of 30° at 10 L.T. in equinoctial month 
are tabulated in Table 2, and shown in Fig. 8. The corresponding values of the 
effective recombination coefficient are also given in them. The calculated results of 
the vertical distribution of the electron concentration are fairly well consistent with 
the observational result of the rocket experiment. But we may notice many 
differences in detail, some of which are explained by taking account of the geomagnetic 
effects. The more precise data for the solar radiation and the atmospheric structure 
will establish the more reliable picture of the ionosphere.
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